Abstract Airglow is a dynamic phenomenon which depends on the geographical location, season, local time, geomagnetic activity, and other conditions. Variations in UV nighttime airglow (300-500 nm) caused by magnetospheric disturbances for several selected points around globe are presented in this study. Used airglow intensity data were evaluated in empirical model Atmospheric Ultraviolet Radiance Integrated Code. We focus on points around the auroral oval position for very disturbed magnetosphere (Kp = 8) and positions chosen for the Airglow MONitor network. This network will consist of a set of small one pixel detectors, designed for long time measurements. A simple statistical method was developed for long time data analysis of geomagnetic disturbances of airglow. Results of the method for planned stations are presented.
Introduction
Airglow produces radiation in a wide range of wavelengths. In the UV band, the main processes responsible for nighttime radiation are Herzberg I and II and Chamberlain. They produce radiation in the wavelength range 300-500 nm. UV airglow was already observed by previous experiments reported by Meier (1991) and Khomich et al. (2008) . However, there are still lacking global long time measurements provided by ground stations. For this purpose, we built a small UV detector, called the Airglow MONitor (AMON), which is based on the Hamamatsu Micro Photomultiplier Tubes μPMT. This detector is mainly sensitive to a UV range from 300 to 400 nm, in which approximately two thirds of the photons are registered. Approximately one third of the photons registered by the detector are from the range 400-500 nm. The network of AMON detectors, called AMON-net, will provide long-time UV airglow data from different geographical positions. The first version of AMON-net has already successfully provided measurements at several places, such as the LS observatory, the Canary Islands, and so forth. According to existing data for different spectral bands (Deutsch & Hernandez, 2003; Patat, 2008; Shepherd et al., 2006) and theoretical predictions for the UV band (Strickland et al., 1999) , we expect to observe geographical and temporal (seasonal and local time) fluctuations in the airglow. Also, phenomena such as geomagnetic disturbances, atmospheric tides, atmospheric gravity waves, and so forth (Bag et al., 2017; Hickey et al., 2010; Leonovich et al., 2011; Makela et al., 2014; Perwitasari et al., 2015; Pfaff, 2012; Smith et al., 2010) affect airglow intensity. In this article we focus on the effect of geomagnetic disturbances on airglow.
Effect of geomagnetic disturbances on neutral atmosphere causes the airglow variation to increase with latitude. Thus, points with higher latitude are the best choice for positioning a detector for the purpose of observing the highest airglow fluctuation. However, the optimal observation position is not the one with the highest latitude. An aurora's appearance will hamper airglow observation at high geomagnetic latitudes. As a compromise between the highest latitude, the presence of auroras, an effort to include most of the geomagnetic events in the observations, and the real possibilities of placing a detector at a given area, we decided to focus on positions around the boundary of the auroral oval at Kp = 8. Outside of this auroral oval, 99.87% of the geomagnetic events are not followed by auroras. The position of the boundary of the auroral oval for Kp = 8 reaches geomagnetic latitude 50.1 ∘ (Jursa, 1985) . At a position with geomagnetic latitude 50.1 ∘ , we can observe airglow during periods when Kp < 8. For this study we consider 10 points at the boundary of the north and south auroral ovals at Kp = 8, and seven positions for the real placement of detectors were chosen with regard to the previously mentioned requirements and also to the possibility of observing whether airglow satisfies the model predictions at places outside of the auroral oval at Kp = 8.
The chosen positions are Lomnicky stit (Slovakia, already in operation), Black Rock Mesa (Utah), Svalbard (Norway), the Canary Islands (already in operation), Zelenchukskaya District (Russia), Aragats (Armenia), and the Pierre Auger Observatory (Argentina). Two of the seven selected points are located relatively close (geomagnetic latitude ∼45 ∘ ) to the auroral oval (Slovakia, Utah), and some points are located away from the auroral oval (more than 10 ∘ of geomagnetic latitude) to understand the behavior of the airglow outside of the auroral oval. Svalbard (Norway) was chosen to cover a position with higher geomagnetic latitude and the Canary Islands to cover a lower geomagnetic latitude position. The Pierre Auger Observatory (Argentina) offers the possibility to monitor the airglow in the Southern Hemisphere. Zelenchukskaya District (Russia) and Aragats (Armenia) could provide good infrastructure for our observations.
Airglow Variations
For this study, the airglow intensity at the mentioned points around the world was evaluated for 43 consecutive years in the wavelength range 300-500 nm. To simulate the data, the Atmospheric Ultraviolet Radiance Integrated Code (AURIC) was used (Strickland et al., 1999) . The simulations were done with a 1-hr-long time step for every day of the studied period for the moments when the Sun was more than 120 ∘ under the local horizon. The 120 ∘ limit is the limitation of the AURIC model. UV emission considered in this study (Herzbereg I and II and Chamberlain) is produced in recombination reaction:
is produced in various electronics states (which define Herzberg I and II or Chamberlain emission) which are split according to vibrational and rotational energy levels. Consequence emission produces photons with wavelengths from ∼300 to 500 nm during transition to ground state. This reaction run mainly at altitudes between 90 and 120 km and is fed during night by atomic oxygen. Atomic oxygen concentration which is crucial for this reaction is driven by solar radiation on dayside by photodissociation
Formulas for volume emission rates are the following: 
In general, AURIC model is based on Mass Spectrometer-Incoherent Scatter Model of the Upper Atmosphere (https://www.ukssdc.ac.uk/wdcc1/msise90.html) which is an empirical model of the temperature and composition of the atmosphere at heights between 0 and 700 km. It is based on mass spectrometer data from various satellites and on incoherent scatter radar data from several sites (Hedin, 1987 (Hedin, , 1991 .
As an example of airglow intensity at one of selected positions, Figure 1 shows the model results for the position in Lomnicky stit, where the first UV detector of the network is located. The seasonal variation is very clearly present and visible in the figure. At Lomnicky stit (latitude 49.20 ∘ N, longitude 20.22 ∘ E), the airglow intensity is lower during the summer and higher during the winter. In part of the summer months at the latitude of Lomnicky stit, the Sun does not reach positions with a zenith angle higher than 120 ∘ . Thus, the model does not produce results for those nights. For positions located more south, like the one in the Canary Islands (Tenerife, latitude 28.76 ∘ N, longitude 17.89 ∘ W), we are at a position where the Sun, during the night, always reaches a zenith angle higher than 120 ∘ . The solar cycle with its 11-year long variation is also visible in the figure. The airglow intensity is the highest during the years of the solar maximum. The solar activity is, in the AURIC model, represented by the F10.7 index. The increase of airglow intensity is apparent in periods with high values of the F10.7 index, which correspond to solar maxima. Airglow emission depends on the atomic oxygen concentration which depends on the solar radiation and O 2 concentration at the relevant altitudes. During the summer, O 2 concentrations are at relevant altitudes over the 90 km lower than during the winter. As consequence during the winter, more atomic oxygen is produced. With more atomic oxygen in wintertime, higher airglow intensities appear.
With closer inspection of Figure 2 , the dependence of the airglow intensity on the geomagnetic activity can be seen. Figure 2 presents the airglow intensity during the first 73 days of 1980 in comparison with the geomagnetic Dst index. The sharp decreases in the Dst index followed by the slow recovery phase in the figure are moderate geomagnetic storms (see the top panel of Figure 2 ). The green-dashed vertical lines signal the start of five selected geomagnetic storms in the figure. The parallel decreases in the Dst index and the airglow intensity intensities are visible.
Like it was mentioned above, airglow radiation is connected with neutral density composition of atmosphere, which is affected by solar wind energy input. At polar region, it creates permanent disturbance zone that causes negative storm effects (depletion of ionization). This disturbance zone expands toward middle latitudes. Expansion causes downward winds which causes to move atomic-oxygen-rich air parcels to lower 10.1029/2017EA000358 altitudes (Prolss, 1931) . We expect that this circulation, which during geomagnetic storm changes oxygen density profile, results to return flow in layer under the F layer of ionosphere. Return flow will drain level of atomic oxygen, at altitudes relevant for atomic oxygen recombination reaction (80-120 km), which will lead to airglow emission decrease.
The appearance of the effect of geomagnetic storms on airglow light intensity is clearly seen in many cases. We used the evaluated time series of airglow intensity to quantify the connection between the geomagnetic activity and the airglow light intensity. We were looking for a statistical method which would clearly and effectively shows the effect of geomagnetic disturbances on airglow intensity. A simple comparison between intensity and geomagnetic indexes will mix the effect of the storms with seasonal, daily/night variation, and atmospheric disturbances. The seasonal variation, night variation, and local atmospheric disturbances must be taken into account. A geomagnetic storm causes a decrease of the airglow light intensity. The decreased values during the storm could be similar to the intensities in different nondisturbed periods of the year. In other words, decreases due to storms start from different values of airglow intensity in different parts of the year. So as not to compare periods with different airglow intensity due to seasonal variation, we used a parameter which describes the change of airglow intensity in comparison with the preceding day's values. The length of this preceding period was tested to find the optimal values for which the method would be the most sensitive.
The effect of seasonal variation on airglow is slow and smooth during the year; however, it is apparent on longer time scales. This could have an effect on the statistical method used in this study in the case of using a wide (long) time window. On the other hand, a short-period (hours) comparison of the intensity with the Dst index could lead to mixing the nightly variation with the variation caused by the storm. For this reason, we focus on a comparison of night-averaged values with the average from previous nights. Local atmospheric disturbances could produce a deviation in the relation between the intensity and the Dst index. This effect could be excluded by comparing the data from positions separated by long distances.
The Slope Method
In the statistical method used, we evaluate changes in airglow light intensity by comparison with the averaged intensity from the preceding period. In this method, we compare the averaged night intensities and the geomagnetic activity index to reduce the influence of the night variation effect. The night-averaged values are
where Dst i,NOY is the ith value of the Dst index from the selected night of the year (NOY). NOY is the number of the night in the year. The first night of the year starts at the evening of 1 January and ends at the morning of 2 January. The short-form NOY is analogous to the frequently used DOY (day of the year). I i,NOY is the ith airglow intensity in NOY. In the night average I AVG (NOY), there are included n hours (hours which satisfy the condition SZA > 120 ∘ ). The night average Dst AVG (NOY) is calculated from the same hours of the night.
Because the seasonal variation effect is relatively small during short periods (days or a couple of weeks), changes in the airglow intensities induced by a storm could be compared with the periods immediately preceding them. For the preceding m-day long period, we evaluated, for every night, the values 
where j is the index for the m-day long time window for the night NOY, ΔDst(NOY) is the absolute nightly change of the geomagnetic index Dst AVG (NOY) in comparison with the average values of Dst for the m previous nights, ΔI(NOY) is the absolute change of the night-averaged airglow intensity I AVG (NOY) from the average airglow intensity during the previous m nights, and ΔI R (NOY) is the relative change of airglow intensity. Only periods when all nights are present were included in the analysis. For example, the summer gap in airglow intensity data for some positions with higher latitudes is not part of any used period.
Figures 3-6 show how the absolute and relative changes in intensity depend on the absolute change of Dst for several positions. Negative ΔDst appears during the start phases of magnetospheric disturbances. In the We take B, especially B 1 in the first interval, as the parameter describing the sensitivity of the airglow intensity at the place to magnetospheric disturbances.
Preceding Time Window in Slope Method Analysis
The results from the Slope method depend on the length m of the preceding window. We evaluated the dependence of B 1 on the length m of the preceding period for seven selected positions and 10 points on the boundary of the north auroral oval and 10 points on the boundary of the south auroral oval. The value of B 1 (m) reaches a maximum for time windows with lengths between 3 to 8 days, depending on the position. After reaching a maximum, B 1 (m) slowly decreases to values 10-20% smaller for a time window with length 25 days. The results are presented in Figures 7-9 .
The B 1 parameter maximum for window length between 3 and 8 is interplay between three factors: average length and shape of geomagnetic storm appearance in airglow signal and window length m, appearance of another previous storm in window, and in small part also interplay with seasonal variation. If length of window m is too short in comparison with storm length, the part of ΔDst and ΔI values are evaluated from Dst AVG and I AVG evaluated from storm values, so from already decreased values (window in that case do not reach quiet period before storm). With too short window, points inside the storms are compared between themselves and not with previous quiet period, which decreases B 1 value. If length of window become much longer than storm length, then Dst AVG and I AVG could be affected by previous storm. Longer window means higher probability to contain another storm and hence lower ΔDst and ΔI, which lead to smaller slope of fit, that is, smaller B 1 .
In Figures Observatory, where its values reach 0.25%/nT (m = 5). The relatively low sensitivity of the Auger position is due to its low geomagnetic latitude, −21.57 ∘ .
Dependence of the Slope Method on the Solar Cycle
We analyze whether the lower statistics of geomagnetic events occurring during a year could influence the sensitivity and how the sensitivity of the Slope method changes during a solar cycles. We check how B 1 changes during a period of more than three solar cycles, between 1970 and 2012. We evaluated B 1 in the first interval for 5-day-long time windows, that is, B 1 (m = 5), for each year of the 42 years in the tested period. The time evolution of B 1 was evaluated for LS and Tenerife. The results are shown in Figure 10 together with the sunspot number (black circles) divided by 1,000, to be on a scale with the values of B 1 . As we can see in the figure, for LS, the slope B 1 changes between 0.4% and 1.2% per nT (red line in the figure). For Tenerife, B 1 is in the range from 0.3% to 0.6% per nT (green line). The reason why the Slope method is more sensitive during the solar minima, that is, during less disturbed years, is that intensity of the airglow does not change with the magnetic field disturbance linearly. It is most sensitive for the low Dst region, but with the increasing Dst, it starts to lose sensitivity. It means that for the same ΔDst, we observe different change of intensity according to the starting value of Dst. Slope method calculates ΔDst like the difference between the 5-day average value and value of the given time. It is more probable that the 5-day average during the solar quiet period is lower than during the active solar period. So same change of Dst during minima and maxima will start after the period of the different 5-day average (lower during solar minimum, higher solar maximum). This lead to the shift of the B 1 slope to the higher values for solar minima (see Figure 11 ).
The presence of disturbances and the validity of the Slope method could be verified by analyzing clear patterns of individual storms. To demonstrate how the pattern of airglow intensity looks during a magnetic storm, we show example from AURIC simulations. The example for LS ( Figure 12 ) shows a series of small storms from January 1984 which decreased airglow intensity by about ∼35%.
Conclusion
The dynamics of airglow intensity during geomagnetic storms was reviewed for several selected points around the globe. The optimal points for observations in the UV range were chosen to catch the effect of a disturbed magnetosphere on airglow intensity.
For selected positions on the boundaries of the auroral ovals (for Kp = 8, around the Northern Hemisphere auroral oval position, 10 and another 10 at the Southern Hemisphere auroral oval) and seven other selected positions, we evaluated the airglow intensity with steps of 1 hr during the night for 43 years. Two of seven selected points were located relatively close (geomagnetic latitude ∼45 ∘ ) to the auroral oval (Slovakia and Utah), and several points were located away from the auroral oval (more than ∼10 ∘ of geomagnetic latitude) to understand the behavior of the airglow far from the auroral oval. Svalbard (Norway) was chosen to cover a higher geomagnetic latitude position and the Canary Islands to cover a lower geomagnetic latitude position. To monitor the airglow in the Southern Hemisphere, we chose the position of the Pierre Auger Observatory (Argentina). Other positions which could be used alternatively for the detectors were included: Zelenchukskaya District (Russia) and Aragats (Armenia). We developed a method, called the Slope method, to analyze and quantify the average effect of geomagnetic disturbances on airglow intensity data represented by simulated time series. Based on some realized simulations and the results of the subsequent analysis, we conclude that airglow intensity decreases during the magnetospheric disturbances by tens of percents. The change of airglow intensity with change of global geomagnetic Dst index is clearly seen from the results of the Slope method, which is most sensitive for m in range from 3 to 8. A change of 1 nT in the geomagnetic Dst index leads to a change by 0.6-0.85% in the produced airglow intensity (m = 5) for moderate storms at positions at the boundary of the both auroral ovals (for Kp = 8). In case of m = 5, values for seven selected positions are following. For LS and Utah, it is ∼0.55-0.7%/nT. The position in Svalbard is located at a higher latitude, with a value of ∼1.4%/nT. For the position in the Southern Hemisphere, at Auger, we obtain ∼0.25%/nT. The values for the rest of the positions, namely, Tenerife, Aragat, and Zelenchukskaya, are in the range ∼0.35-0.5%/nT. The Slope method is sensitive also to the solar cycle. During the solar minimum, the parameter B 1 reaches higher values than during the solar maximum.
